Through analysis of transient autocorrelation traces, we show that intracavity dispersion significantly affects the number of initially oscillating modes as well as the buildup of passive mode locking in picosecond and femtosecond lasers. © 1996 Optical Society of America
In the past few years, a number of studies have analyzed theoretically both steady-state operation and self-starting conditions for passively mode-locked solidstate lasers. 1 -5 These studies have focused on the mode-locking threshold and parameters of the initial f luctuation necessary to initiate mode-locking. Quantitatively, an initial f luctuation will evolve into a steady-state mode-locked pulse if and only if 1, 6 kP ͑0͒ .
In inequality (1) , k is the mode-locking strength parameter. P ͑0͒ is the power of the slowly varying average background radiation in the cavity. It is related to the peak intensity of the initial f luctuation, p͑0͒ ഠ P͑0͒ ln͑m i ͒, where m i represents the number of initially oscillating modes. T r and T c are the round-trip time of the cavity and the effective modecorrelation time, respectively. The latter is def ined by the inverse 3-dB full width of the f irst beat note of the free-running laser, Dn 3dB . It is commonly assumed that the frequency-pulling effect that is due to intracavity dispersion does not significantly affect the buildup of passive mode locking. This assumption is, however, based on a guess as to the characteristic duration of the initial mode-beating f luctuations in the free-running laser, t i T r ͞m i . In the literature t i is usually estimated to be of the order of 10 ps or longer. To our knowledge, neither t i nor m i was determined experimentally previously. On the other hand, modulation instability resulting from the interplay of self-phase modulation and negative dispersion can increase p͑0͒ and facilitate the startup. This was confirmed for a Michelson additive-pulse mode-locked Nd:phosphate glass laser. Krausz et al. 6 showed that the intracavity threshold power for startup of this laser is P th ഠ 0.6 W and P th 0.2 W for positive and negative group-delay dispersion, respectively.
In this Letter we show that intracavity dispersion significantly affects the number of initially oscillating modes as well as the buildup of passive mode locking in picosecond and femtosecond Ti:sapphire͞DDI lasers. This is achieved through analysis of transient autocorrelation traces G͑t d ͒ and of the spectra of the laser output as a function of delay time t d with respect to the laser onset. During the pulse-formation stage, G͑t d ͒ exhibits a coherent spike residing on a broad shoulder. The width of the spike corresponds to the coherence time of the laser, 7 Dt ഠ 1͞Dv, where Dv is the laser oscillating bandwidth. It also reveals the unclean appearance of the laser output, that is, a burst of light with numerous picosecond substructures on it. 7 -9 The width of the shoulder, on the other hand, corresponds to the number of phase-locked modes at a particular delay time. As the laser evolves to the steady state, the contrast ratio (R is the peak-to-shoulder-height ratio) of the transient autocorrelation trace evolves from 2:1 to 2:0. The former ratio corresponds to that of a multimode randomly phased cw laser. The latter corresponds to that of a completely mode-locked laser.
Our cw passively mode-locked Ti:sapphire͞DDI laser ͑l 770 nm͒ generates ϳ150-fs pulses at 79.4 MHz with intracavity dispersion-compensating SF10 prism pairs. 10 Without the prisms, the steady-state laser pulse widths are in the range of 5-15 ps. This corresponds to saturable absorber dye concentrations in the range of 2 3 10 25 to 10 23 M. The laser employs a six-mirror cavity with 15-cm radius-of-curvature folding mirrors around a 2-cm Brewster-angle-cut Ti:sapphire crystal. It was aligned such that the Kerr-lens strength was weak ͑k ϳ 10 28 W 21 ͒ and would not self-start without the absorber dye jet. The transient autocorrelation trace G͑t d ͒ and the spectrum of the laser output at a delay time of t d with respect to the laser onset were measured with the time-gating technique. 11, 12 In Fig. 1 we show G͑t d ͒ at a delay of t d 5 ms (ϳ 380 round trips) for the dispersion-compensated cavity (steady-state pulse width t ϳ 150 fs) and the cavity with the prism pair removed ͑t ഠ 10 ps͒. In Fig. 2 we show G͑t d ͒ at a delay of t d 30 ms (ϳ 2300 round trips) for the above two configurations. The widths of the coherent spikes in Fig. 1 are Dt ϳ 1 ps and 25 ps for the femtosecond and the picosecond cavities, respectively. The number of initially oscillating modes is then m i ϳ 25, 000 for the dispersion-compensated cavity and 1000 for the cavity without the prism pair. In comparison, we f ind that Dt ϳ 1.3 ps, or m i ϳ 19, 000, for a partially compensated cavity with a steady-state pulse width t ϳ 230 fs. The absorber dye concentrations, on the other hand, do not affect t c or m i appreciably. Because the weak Kerr-lens strength is the same for all the laser conf igurations that we studied, clearly cavity dispersion is the dominant parameter that determines the number of initially oscillating modes. The secondary spikes located at approximately a 25-ps delay from the coherent spike peaks shown in Figs. 1 and 2 were due to the mutual correlation between side clusters of longitudinal modes. We also observed secondary spikes for a similar picosecond laser at somewhat higher absorber dye concentrations ͑3 3 10 24 M͒. 12 The broad shoulder of G͑t d ͒ shown in Figs. 1 and 2, on which the coherent spikes ride, is related to the number of phase-locked modes at t d . At t d 5 ms and t d 30 ms, the shoulder widths were both ϳ2000 ps, corresponding to nine phase-locked modes for the picosecond laser configuration. The peak heights of the shoulders remained equal to 1. For the dispersioncompensated cavity, these widths narrowed from 880 to 400 ps, and the peak heights decreased from 0.95 to 0.86 as the laser evolved from t d 5 -30 ms. That is, the number of phase-locked modes increased from ϳ20 to 45. Clearly the pulse-shaping process advanced more rapidly for the cavity with the dispersioncompensating prisms. The entire buildup process for our laser in several conf igurations is shown in Fig. 3 , which gives the inverse contrast ratio R 21 as a function of delay time. For the cw laser, with or without prisms, R 21 0.5 throughout the buildup; this value corresponds to that for a multimode randomly phased cw laser. The value R 21 for the partially compensated cavity falls between curves for the cavity without the prisms and for the cavity with optimum dispersion compensation. Furthermore, pulse buildup to the steady state for the latter cavity was much faster, reaching the asymptotic value for the steady-state mode-locked pulses, R 21 0, in 130 ms as opposed to 220 ms for the cavity without prisms.
It is instructive to evaluate the initial pulseshortening force power round trip, s 1͞t eff dt eff ͞dn, for different laser configurations. Here t eff t ss ͑p v ͞ p v ss ͒ 2 ͑͞p 2v ͞p 2v ss ͒ is the effective pulse width of the laser output at a given delay time. 13 The parameters p v and p 2v are transient fundamental and second-harmonic-generated laser power, respectively, and t ss , p v ss , and p 2v ss are steady-state values of the laser pulse width, fundamental, and second-harmonic generated power, respectively. We have also calculated the transient pulse width, fundamental, and second-harmonic-generated power by numerically solving Haus's master equation of mode locking 14 in a manner similar to that of Kärtner and Keller. 15 For the initial field envelope, however, we assume a Gaussian distribution of randomly phased modes, the 6 we note that, for the modulation instability that is necessary to initiate self-starting, the optimum group-delay dispersion for the cavity must be jD opt j 2f P ͑0͒͞Dn i 2 . With the self-phase modulation strength f 2.0 3 10 26 W 21 , P ͑0͒ 10 W, the free-running laser line width Dn i 6.0 3 10 11 s 21 , and jD opt j 100 fs 2 . This is substantially smaller than the group-delay dispersion in our femtosecond cavity. Nonetheless, the dispersion effect on the starting dynamics was already observable in this study. Stateof-the-art Kerr-lens mode-locked Ti:sapphire lasers, 18 however, employ a cavity with near-zero second-and third-order dispersion. We therefore predict that dispersion will play a significant role in the starting dynamics of this class of lasers.
In summary, we show that intracavity dispersion is the dominant physical parameter that determines the number of initially oscillating modes in a passively mode-locked Ti:sapphire laser. Our results also suggest that dispersion, probably in combination with self-phase modulation, plays an important role as a pulse-shortening force in the starting dynamics.
